The changes in physical and chemical properties during maturation of 'Irwin' mango fruit were examined. The fruit used in this experiment was cultured in a plastic greenhouse {temperature: winter, min. 5˚C (room) and 13˚C (soil); summer, max. 39˚C (room) and 30˚C (soil)}, and harvested approximately at 10 (Sample I), 13 (Sample II), 16 (Sample III) and 19 (Sample IV) weeks after flowering, 1995. The weight and size of the fruit, total soluble solids, respiratory rate, and Hunter L and a values of the fruit surface increased during maturation. These increases were remarkable in Sample IV. However, the flesh firmness decreased gradually as the fruit matured. Citric acid was more abundant than malic acid, and the former decreased gradually in Sample, IV while the latter was nearly constant. Of free sugars, fructose and sucrose increased during maturation, and the latter dramatically increased in Sample IV. Thus, fructose, which was the predominant free sugar in Sample I, was replaced by sucrose in Sample IV. Furthermore, AIS (alcohol insoluble solid), starch and pectin increased and attained a maximum in Sample III but they decreased to a minimum in Sample IV. Amylase activities increased roughly in line with fruit maturation, reaching a maximum in Sample IV. It may be quite logical to consider that there are similarities in the patterns of change in flesh firmness, respiratory rate, organic acid and sugar content during fruit maturation without considering distinctions of cultivar, conditions or cultivation environment.
The mango (Mangifera indica L.), which is native to India, is widely cultivated in such other tropical areas as Brazil, Pakistan, Mexico, Indonesia, and the Philippines, as well as in some subtropical zones. It appears that the cultivation of the mango in Japan originated from its introduction via Southeast Asia around 1900. Since then, the mango has been cultivated on a very small scale in Okinawa and other areas. With improvement in cultivation techniques, 'Irwin', 'Kent' and 'Hoden' mangoes and local varieties have recently been cultivated primarily in plastic greenhouses in Okinawa, Kagoshima and Miyazaki. Areas under cultivation will likely continue to gradually expand.
In Japan, 'Irwin' mango is a representative cultivar, and many mango cultivators prefer it because it is early ripening and has relatively good cold resistance. In addition, the quality of its fruit is good and it keeps wells. Its optimum maturity for harvest has been empirically determined to be approximately 16-17 weeks (110-120 days) after flowering; otherwise, this is judged by degree of coloration and the Brix value of the fruit.
Several physical and biochemical studies on the growth, development and maturation of mango fruit openly cultivated in tropical areas have been reported (Krishnamurthy & Subramanyam, 1970; Lakshminarayana et al., 1970; Lakshminarayana, 1973; Pandey et al., 1974; . However, there have been few studies on mangoes cultivated in plastic greenhouses (Ito et al., 1997) . This may be due to the comparatively short history of this type of cultivation and to the small scale of such cultivation.
This work was done to investigate the changes of physical and chemical properties that are closely related to quality during maturation of Irwin mango fruit cultured in a plastic greenhouse. Other aims were to obtain the information needed to determine the optimum harvest stage of the mango and to compare the changes in properties during maturation of the fruit, which differed in cultivar, conditions or cultivation environment.
A previous paper by Ito et al. (1997) did not describe the changes in physical property, though it did mention the changes in respiratory rate as well as saccharide and organic acid content during the development and ripening of Irwin mango fruit.
In this paper, changes in the physical properties of color of the surface and flesh and in flesh firmness were examined. In addition, variations in total soluble solids and in the content of organic acids, free sugars and polysaccharides as well as variations in the activity of ␣-and ␤-amylases were investigated in more detail and compared with the results by Ito et al. and others.
Materials and Methods
Plant material Mangoes of the Irwin variety were cultured in a plastic greenhouse at the Yuasa Experimental Farm (at lat. 34˚02¢N. and long. 135˚12¢E.) of Kinki University. One hundred seventy-six trees of the variety were planted in 10 ares of E-mail: ueda@nara.kindai.ac.jp the greenhouse in 1990. The greenhouse was covered with Six Light Clean (commercial name Muteki, Mitsubishi Chemical MKV Co.) to keep it warm and was heated with hot air in winter. In the period from May to October the greenhouse was ventilated by opening the windows. Changes in inside temperatures in 1994 and 1995 as well as changes in average temperature outside and average hours of sunshine from 1991 to 1995 are shown in Table 1 .
The mango fruits from 6-year-old trees cultured in the greenhouse under the environment shown in Table 1 were harvested on the 13th of July, the 2nd and 26th of August and the 12th of September, 1995. The harvesting times corresponded to approximately 10, 13, 16 and 19 weeks after flowering (the time of full bloom of the trees was from late April to early May). The fruits of the same size and pericarp color were selected as much as possible, and only those undamaged were chosen for the study. Samples, each consisting of five fruits, were applied for examination in the fastest possible time.
The fruits harvested at 10, 13, 16 and 19 weeks after flowering are referred to as Samples, I, II, III and IV, respectively. Methods Measurement of fruit color Each of the five mangoes was cut horizontally into three equal parts: stalk, equator and apex portions. The color of each pericarp and flesh was measured with a spectro colorimeter (Nippon Denshoku Kogyo SZ-⌺80) and expressed as Hunter'L a b' values.
Measurement of flesh firmness A portion of the pericarp was removed, and each of the three flesh portions was cut into one cubic cm. Breaking stress on seed and pericarp sides of each cube was measured with a Rheoner (Yamaden, RE-33005). The measurement conditions were as follows: plunger, 1 mm wide wedge-shaped p-49; speed of plunger measurement, 1 mm per s; distortion of measurement, 99%. Three measurements were taken from each sample.
Measurement of respiratory rate The CO 2 in head space gas released from each mango incubated for 1 h at 25˚C in a closed vessel was analyzed by gas chromatography according to the method previously described (Ueda et al., 1999) .
Determinations of moisture and total soluble solids Moisture was determined by drying each mango at 85˚C to a constant weight. The juice of each one was taken from the cut surface and collected in a test tube and the total soluble solids of the juice were measured in a refractometer (Atago, NI).
Determinations of organic acid and free sugar After a hot 80% alcohol extract prepared from 50 g of each flesh portion of the five fruits was concentrated in vacuo to remove the alcohol, water was added up to 200 ml. An assay of the organic acid and free sugar was performed on 10 l aliquots. Analyses of both samples were carried out with high-performance liquid chromatography (HPLC) according to the method described by Ueda et al. (1999) .
The citric and malic acid contents as the main organic acids were determined by HPLC with Shimadzu, LC10AS, SPD10A. The conditions for the organic acid analysis were as follows: column, Shimpack SCR-101H (size, 7.9ϫ300 mm); mobile phase, water adjusted to pH 2.1 with dil. perchloric acid; temperature, 20˚C; flow rate, 1.0 ml per min; detector, spectrophotometer (210 nm).
The contents of glucose, fructose and sucrose, which are principal free sugars in the extract, were determined by the HPLC using Shimadzu, LC6AD, RID6A. The conditions were as follows: columm, Shimpack SCR-101C; mobile phase, water; temperature, 80˚C; detector, differential refractometer. The column size and flow rate were the same as described in the organic acid determination.
Determinations of AIS, starch and total pectin AIS (alcohol insoluble solid) was determined gravimetrically after the hot 80% AIS was refined by an established method from 100 g of each portin of flesh of the five fruits was dried to a constant weight under reduced pressure (30 mm Hg) at 60˚C.
Starch was determined using this series of procedures: starch extraction from AIS with cold 3 N perchloric acid, hydrolysis of the extract, estimation of the liberated reducing sugar by the Somogyi-Nelson method, and finally, calculation of the value of the sugar to that of starch.
Total pectin was calculated as anhydrogalacturonic acid after galacturonic acid liberated from AIS with 0.05 N HCl at 100˚C was estimated by the carbazol-sulfuric acid method. Min.
Estimation of amylase activity Preparation of crude enzyme solution Acetone powder was
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Soil. prepared from 25 g of the mango flesh according to the method of Ueda et al. (2000) . Five-tenths of a gram of acetone powder was suspended in 25 ml of 0.02 M phosphate buffer, pH 6.9, and stirred gently overnight at 4˚C. The aqueous extract was centrifuged at 10,000ϫg for 15 min, and the supernatant was retained; the supernatant is hereafter referred to as a crude enzyme solution.
Estimation of ␣-amylase activity ␣-Amylase (EC 3.2.1.1) activity was assayed by a modified procedure of Kiribuchi and Nakamura (1973) . In this case, 1.0 ml of 2% ␤-limit dextrin (in 2 M acetate buffer, pH 4.7) and 4.0 ml of the crude enzyme solution were incubated at 30˚C. The reaction solution of 0.5 ml was taken at 5 min intervals. Each aliquot of the solution was added to 2.5 ml of 0.35 N sulfuric acid containing 0.0088% iodine-0.4% potassium iodate, and was then diluted with 3 ml of water. The absorbance of the solution was measured at 575 nm. One unit of amylase activity was obtained by the equation (logE 1 Ϫ logE 2 )/t 2 Ϫt 1 , and then the unit was calculated per 100 g of flesh.
Estimation of ␤-amylase activity ␤-Amylase (EC 3.2.1.2) activity was assayed by a modified procedure of Yoshioka (1995) . The aqueous reaction mixture (total 4 ml) containing 1.0 ml of the crude enzyme solution, 200 mol of acetate buffer (pH 4.5) and 10 mg of soluble starch was incubated at 30˚C for 20 min under shaking. The reaction mixture of 600 l was kept for five min in boiling water with the equivalent volume of alkaline 3, 5-dinitrosalicylic acid reagent. After cooling, the absorbance of the reaction solution was measured at 570 nm. The enzyme activity was calculated in mol maltose formed per 100 g of flesh.
Results and Discussion
Growth patterns by weight and size The weight and size of each fruit harvested were measured as soon as possible after selection. Table 2 shows the average weights and sizes of the fruits used in the assay. It was found that the average weight of the fruit increased remarkably and the diameters in the length and breadth increased gradually with maturation.
These results closely resembled those obtained by Ito et al. (1997) using Irwin mangoes and those by Lakshiminarayana (1973) and by Tandon and Kalra(1983) using cvs. 'Alphonso' and 'Dashehari', respectively.
Moisture, total soluble solids content and respiratory rate Table 2 shows that as the moisture content decreased gradually, the value of total soluble solids increased; this was especially true in the fruits harvested at 19 weeks after flowering (Sample IV).
The results of the decrease in moisture during maturation by Tandon and Kalra (1983) and by the present authors were very similar, even though the cultivar of mangoes and cultivation conditions differed. On the other hand, the total soluble solids (Brix values), which are one kind of maturity index, of the mangoes harvested at 10, 13 and 16 weeks after flowering (Samples I, II and III) were 6.3, 9.2 and 9.8, respectively. These values largely corresponded to those of fruits harvested immediately before, early on, and in the middle and/or later periods of the so-called practical harvest time among various mango varieties, respectively (Kitao, 1983) . However, the values of the fruits harvested at 19 weeks after flowering rapidly increased to17.3, which value nearly corresponded to the 16.6˚Bx of Irwin mango fruit physiologically overmatured and the final value when the matured fruit ripened (Nagy & Shaw, 1980) . Table 2 also shows the change in respiratory rate during maturation. The rates of Samples I and II were approximately equal, that of Sample III rose slightly, and that of Sample IV rose remarkably to approximately double that of Sample III. Lakshminarayana et al. (1970) found that the respiratory rate of the 'Alphonso' variety was followed by a rapid decline around seven to eight weeks after fruit set, and it remained steady thereafter until harvest maturity. Ito et al. (1997) also reported that the respiratory rate of the Irwin variety was high in fruits harvested on the 14th of June (young fruit stage); however, it later declined rapidly until the 19th of July (mature green stage), and remained steady thereafter until the 21st of August (mature yellow and/or red stage). Although the respiratory rates of fruit in Samples I and II were almost equivalent with those of fruit harvested on the 19th of July and the 2nd of August, respectively, as found by Ito et al. (1997) , the rate of Sample III was somewhat higher than that on the 21st of August as they showed (1997). This difference may be attributable to the respiratory rate of the fruit maturity used in each experiment, an assumption that can be supported by the remarkable increase in the rate of Sample IV. The respiratory rate of Sample IV largely coincided with that of the 'Pairi'variety mango ripened at 26Ϯ2˚C and 45-65% RH for 8-9 days after harvest at immature (220Ϯ20 g), optimum (260Ϯ20 g) and advanced (300Ϯ20 g) stages (Krishnamurthy & Subramanyam, 1970) .
Based on the weight increase, total soluble solids, respiratory rate and the physical and chemical properties described below, it seems that the fruits harvested on the 12th of September (Sample IV) matured fully or overmatured on the tree. Surface and flesh colors Surface color intensity of mangoes, which is an important factor for external quality estimation and a good index of maturity (Malevski et al., 1977) , was measured as the Hunter color value on fruits of various maturities. As shown in Table 3 , Hunter L, a and b values of the surface color of the stalk, equator and apex portions of the fruits increased during maturation. The increase of the a value on the three portions was particularly remarkable. Moreover, the b value of the equatorial and apex portions of Sample IV was much higher than that of Sample III. These changes in Hunter color values were in accordance with visual inspections.
On the other hand, even thought the L value of flesh decreased in Sample IV, a and b values increased gradually during maturation. Matured mangoes, Samples III and IV, which initially had a more intensive coloration, gradually developed a more desirable internal coloration.
Changes in surface and flesh colors during maturation seem useful as a good index of fruit maturity and determination factors of optimal harvesting time as reported by Malevski et al. (1977) , although the cultivar and the cultivation environment and some other factors of the mangoes used in the studies were different.
It is possible to presume that the optimal harvesting time of Irwin mango fruits cultured in the greenhouse is from late August (Sample III) to early September (Sample IV), on the basis of Hunter color values and Brix value obtained in this experiment.
Flesh firmness As shown in Table 4 , the firmness on the pericarp and seed sides of each cube sample prepared from equatorial portions of fruit decreased as maturity advanced, respectively. Furthermore, there was a definite difference in the firmness observed between two sides of each sample at the early stage of maturity (Sample I), however, this difference decreased as maturation progressed and finally disappeared at the later stage (Sample IV). These results were also observed in the samples from the stalk and apex portions of the fruit. At the apex, the decreasing rate of flesh firmness with maturation was maximum among the stalk, equator and apex portions, indicating that the softening of the mango originates from the apex portion.
The decrease in flesh firmness during maturation were similar to the results of Seymour et al. (1990) . They showed that when immature, half-mature and mature mango fruits of cvs 'Amelie', 'Kent' and 'Sensation' were stored at 12˚C, the pulp rupture force of each sample decreased gradually during storage. Hamauzu et al. (1997) , on the other hand, observed that the flesh firmness of 'Mogi' loquat fruit decreased between stage 4 (fruit weight approx. 28 g, almost yellow skin) and stage 5 (approx. 33 g, reddish yellow skin), but there was no detectable softening of the flesh afterwards to full ripeness (approx. 40 g, yellow orange skin).
This result was different from the data obtained for the mango fruit. It is interesting that the aspect of change in flesh firmness of matured fruitsdiffers among different fruit types.
Organic acid content Figure 1 shows that citric acid was more abundant than malic acid, and content of the former decreased gradually in the later maturity stage, while the latter was nearly constant. Ito et al. (1997) reported similar changes in Irwin mango fruit. Lakshminarayana et al. (1970) found that the titratable acidity of the 'Alphonso' mango reached a peak around the 7th week after fruit set, but decreased at harvest. Tandon and Karla (1983) also reported that the acidity of the 'Dashehari' variety decreased by approximately 50% within the ten days from 85 to 95 days after fruit set. Therefore, the variation in organic acid content during maturation shows a similar trend regardless of cultivar or cultivation condition.
Sugar content and amylase activity Figure 2 shows variations in the contents of glucose, fructose and sucrose of a free state during maturation. After the fruit glucose content gradually decreased with the progress of maturation, it increased in sample IV. However, the fructose and sucrose contents increased during maturation, and most significantly, the sucrose content in Sample IV increased to approximately three times that in Sample III. Thus, fructose, which was the predominant free sugar in the fruit at the early maturity stage (Sample I), was replaced by sucrose at the later stage (Sample IV). Also, the pattern of variations in Brix values closely resembled that of the sucrose content during maturation.
The analytical values of total sugar content in fruits harvested at 16 and 19 weeks after flowering (Samples III and IV) closely coincided with those in physiologically matured and overmatured Irwin mango fruits cultivated openly in tropical areas (Nagy & Shaw, 1980) , respectively. Figure 3 shows variations in the AIS, starch, and pectin contents during maturation. Three polysaccharides increased with maturation and attained a maximum in Sample III, but they dramatically decreased to a minimum in Sample IV. The patterns of variations in free sugar and starch content in Samples I, II and III in this experiment coincided with those reported by Ito et al. (1997) . Also, Lakshiminarayana et al. (1970) reported that reducing and total sugars increased slightly at later stages after fruit set, although they were nearly constant until 14 weeks, and AIS and starch continued to increase up to 16 weeks after fruit set in the mango cv. 'Alphonso' during development and maturation. However, the increase in free sugar and the decrease in starch in fruit harvested at 19 weeks after flowering are noticeable. Tandon and Kalra (1983) reported that glucose and fructose were more plentiful until maturity, whereas at late stages (96- 105 days after fruit set) sucrose was predominant; starch accumulation was slow at first (26-56 days after fruit set) but increased remarkably and then decreased strikingly at later stages (from 90 days after fruit set) in the developing mango fruit cv. 'Dashehari'. This indicates that the variations in sugars during maturation of the mango shown in our and their results are closely, similar despite difference in the cultivar and cultivation conditions of the fruit.
In contrast, Hamauzu et al. (1997) showed that the sucrose content in the flesh of 'Mogi' loquat fruit decreased from maturity stage 5 (wt. 33 g, reddish yellow skin) to stage 8 (wt. 44 g, yellowish orange skin), and the dominant sugar in the fruit at maturity stage 8 was fructose. In addition, Yoshioka (1995) found that glucose and fructose were major sugars in the 'MasuiDophine' fig (Ficus carica L.) , and the content of these sugars increased with maturation. Sucrose and starch were minor sugars in their study, and the starch content gradually decreased during maturation. These results suggest that the contents of various sugars and the variation patterns during maturation differ among types of fruit.
The lower value of total pectin content in Sample IV came with a concomitant decrease in its flesh firmness.
␣-and ␤-Amylase activity increased roughly in line with fruit maturity, reaching a maximum in fruit harvested at 19 weeks after flowering (Fig. 4) . Tandon and Karla (1983) reported that starch accumulation increased with a concomitant acceleration in amylase activity after approximately 65 days of growth, but a decline in both starch content and amylase activity was recorded after 91 days of growth. Moreover, Yoshioka (1995) found that in contrast to the gradual decrease in the content of starch during maturation as above mentioned, the ␣-and ␤-amylase activity sharply increased about 10 days prior to the mature stage and then decreased rapidly at later stages.
In the present experiment, a decline in starch content was observed but a decrease in amylase activity was not observed in fruits harvested at 19 weeks after flowering, in contrast to the results of Tandon and Karla (1983) . It is thus necessary to determine the discrepancies among variations in amylase activity that occur with fruit maturation.
From the above results, it seems that the period from 16 to 19 weeks after flowering is the most significant for changes in the various physical properties and contents of some principal compounds that affect the quality of Irwin mangoes cultured in the plastic greenhouse environment described by Table 1 . This may suggest that this period is a sort of turning time in the physical and chemical properties of mango fruit, or in other words, that the growth of the fruit is entering senescence following maturation (Gortner et al., 1967) .
The results in the present experiment may serve as an aid to learning the optimum harvesting period of the fruit. Nagy and Shaw (1980) stated that mango fruit is usually harvested in a physiologically mature but unripe stage 15 to 16 weeks after setting. Results of the growth patterns and analytical values of the physical properties and chemical compositions, suggested that the mangoes picked at 16 weeks after flowering had reached maturity. Hence, the optimum harvesting time may be the period from late August to early September. Furthermore, in practically speaking, surface color intensity and Brix value of the fruits are good indices of the maturity stage and can be employed as simple and quick assays.
Our investigations appear to have confirmed that there are similarities in the patterns of change in flesh firmness, respiratory rate, organic acid and some sugar contents during mango maturation without considering distinctions of cultivar, conditions or cultivation environment. 
